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Atomic force microscope based analysis of bound and bound+mobile

phase monolayer behavior under mechanical and electrical stress

J. J. Nainaparampil,® K. C. Eapen, and J. 5. Zabinski
Air Force Research Laboratory, Wright-Patterson Air Force Base, Dayton, Qhio 43433-7550

(Received 31 December 2003; accepted 3 July 2004; published & October 2004)

One of the major problems with microelectromechanical systems (MEMS) is the stiction
caused by capillary, van der Waals, elecirostatic, and chemical forces. Self-assembled monolayers
are extensively used to resolve this problem and they have been effective to a certain extent,
It has been noted that the molecular weight, entanglement of molecules with asperities, time
dependent interactions between asperities and monolayers, and surface migration play major roles
in the failure of these coatings. In addition, tribological stressing and diffusion at increased
temperature can also cause monolayers to fail. In this study, atomic force microscopy {AFM) and
related techniques are used to analyze the behavior of bound monolaver films of l-decanol and
bound 1-decanol combined with a mobile phase (a pentaerythritol ester), Molecular reorientation
and surface detachment under electrostatic force increase with increasing electric field between the
AFM tip and the film, The AFM tip is used as a single asperily contact to study the atomic scale film
farlure dynamics of MEMS materials. The micronanotribology of both bound and bound/mobile
systems show significant differences in tribochemistry and replenishing characteristics. Bound and
mobile phase films exhibit desirable tribological characteristics that extend the reliable life of

MEMS devices, which 15 demonstrated in real device tests, © 2004 American

Society. [DOL: 10.1116/1.1787517)

I. INTRODUCTION

Microclectromechanical system (MEMS) devices have
potential for use in advanced technological systems like sat-
ellites, aircrafi, medical devices, and automobiles. The per-
formance of MEMS is often degraded due to the unstable
interfaces of contacting surfaces and underdeveloped meth-
ods of controlling the instability. A variety of surface modi-
fication methods have been developed 1o overcome the inter-
face instability. One of the effective methods is the
deposition of self-assembled monolayers with various back-
bone chain lengths and functional groups. Various research
groups have studied self-assembled monolayers derived from
alkylirichlorosilanes, specifically  octadecyltrichlorosilane
and 1H, 1H, 2H, 2H-perflurodecylirichlorosilane deposited
on Si."” Alkane based coatings provided antistiction capa-
bilities that are comparable to that of silanes.’ A load depen-
dent crystalline ordering was observed by Salmeron and co-
workers  in their atomic force microscope study of
alkanethiols on gold and alkylsilanes on mica.” In grazing
angle x-ray studies of similar films, it was shown that the
relative lengths of monolayer chains can conirol interface
properties to a large extent.” Microscale friction measured on
molecules lerminated with different functional groups were
studied in detail and larger functional groups increase the
friction due to increased steric interaction that increases en-
ergy dissipation.’ A comparative study of the cffectiveness of
chain length in controlling the nanoscale friction has been
studied by a number of groups. A decrease in friction with
increased chain length has been generally observed from all
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these studies."™" But in the case of dialkyl sulphide mono-
lavers on gold, an increase in friction with chain length was
reported when scanned with functionalized tips."” The con-
trasting result for these monolayers was altributed to chain
interdigitation at the molecular level,

Even though all these coatings control surface forces to
varying degrees, prolonged use wears off coatings and ex-
poses the silicon surface, which leads to adverse tribochemi-
cal changes to the interface. To ensure the prolonged life of
MEMS, chemically bound layers may be supplemented with
lubricious mobile species that can replenish and protect the
interface from wear.'” It has been observed in the case of
perfluropolyether applied on silicon that the mobile phase
can replenish the tribological interface when an optimum
ratio of chemically bonded (bound) and physically adsorbed
{unbound) molecules are deposited.” Bound and mobile
phase Zdol® was successfully applied as lubricating system
in the case of microelectromechanical systcms.'s However,
the statistical distribution of performance was not satisfac-
tory probably due to the nonuniformity of the Zdol coating.
Alkane molecular chains covalently bonded to diamond were
modeled using classical molecular dynamics and it was
shown that friction is dependant on packing density when
sliding occurs under varied stress levels.'® Our recent studies
show that hydrocarbon molecules with hydroxyl functional
groups ( |-decanol) provide some lubricity when applied as a
bound phase to silicon surface, but significant increase in
wear life could be observed when a mobile phase (ester) was
added to the bound layer to provide replenishment.” The
mechanisms responsible for the substantial increase in wear
life prompted further study of this material system at a basic
level,
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In this study, the behavior of |-decanol films alone and
combined with a mobile phase are compared in low load
contzct scans under normal atmospheric conditions and in an
atmosphere devoid of oxygen and humidity (i.e., dry nitro-
gen). A contact and lapping mode atomic force microscopy
{ AFM) capable of nanolithographic patterning was used for
this purpose. The significance of this setup is that an area that
has been scanned in contact mode can be imaged in non
contact mode without changing tip or scanning head en-
abling visualization of the tribological change that occurred
during the contact scan. The biased AFM tip is used as a
single asperity interface that imparts electrical and mechani-
cal stress (o the films and is also used to image the changes
occurring under siress. Nanolithography derived technigues
are used here to form small structures and microscopic dis-
continuities {nanoculs) and to monitor the migration and ad-
hesion characteristics of resulting structures.

Il. EXPERIMENT

Si (100) wafers were first subjected to ultrasonic cleaning
separately in hexane, acetone and methanol for 30 min each,
and dried. The wafers were treated with 52% aqueous hy-
drofluoric acid for 2 min and washed thrice, 5 min each,
with methanol. The freshly treated wafers having mostly
31-H surface groups were dip-coated in a 0.2% (w/v) solu-
tion of 1-decanol in hexane. Dip coating was conducted by
immersing the wafers at a rate of 1.0 mm/s into the coating
solution using a motorized device. The wafers were kept
immersed in the solution for 1 min and were withdrawn at
the same rate. The coated wafers were then heated at 90 °C
for 1 h to bind the alcohol unit to the silicon surface as
shown below

1 |
— S5i-H +HO{CH;4CH,; —————
: 1-Drecanol I

Covalent bond formation between freshly etched silicon and
alcohols under these conditions have been reported earlier.'®
After cooling, the wafer was treated with methanol thrice
(5 min each), in an attempt to remove unbound alecohol.
Where applicable, the mobile phase, pentaerythritol tetrahep-
tanoate {C[CH,0C(O}CH,)sCH:]s}, was applied by dip
coating as before from a (1.2% solution in hexane. After coat-
ing with the mobile component, the wafers were not washed
or heated, but allowed to dry in air, and stored in a glass jar
closed with aluminum-lined plastic stoppers for testing.

A Dimension 3100 with Nanoscope IV controller by Digi-
tal Instruments was used in this study. This instrument was
capable of making contact and tapping mode (intermittent
contact mode) scans without changing either tip or scanning
head. This allows the user to monitor the changes in topog-
raphy caused by the contact scan without further disturbance
from the contacting lips. In contact mode, the AFM tip
touches the surface while in noncontact mode it vibrates in a
forced mode frequency at a certain height. The variations in
the amplitude of vibrations caused by the proximity of sur-
face structures are monitored to form topography images of
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Fig. 1. (a) Topography of a [-decanol coated silicon wafer shown by a 2.8 o
tapping mode scan, (b) Topography and phase image of an ageregated film
of 1-decanc] on silicon shown by a 5 g tapping mode scan.

the surface under study. The time lag in the variation of the
oscillation caused by the proximity of surface structures de-
pends on the chemical nature, mechanical stiffness, and ad-
hesive nature of these structures. The lag can be monitored
as a phase shift between the driving frequency and the actual
frequency of the probe and is recorded at each pixel. Pixel
brightness is set to vary according to the phase shift and
interpreted as the phase scan image. Since the phase shifi
caused by loose siructures is larger than stable bound strue-
tures, contrast variation in a phase scan is a good measure of
structure strength, adhesion and chemical bond strengths.

lll. RESULTS AND DISCUSSION

A, Characteristics of surfaces coated with bound
phase only

Figures l{a} and 1(b) show topography of 0.2% decanol
film formed on a silicon surface. The average roughness of
this surface is 0.2 nm on a 1 % 1 wm? area base and peak to
valley height variation is 2.6 nm. Figure 1{a) is a uniformly
coated surface without much loose unreacted species. The
island like structures in the topography in Fig. 1{b) might
have been caused by condensation of loose unreacted spe-
cies. The islands are of 100-200 nm of average diameter and
4-20nm in height. Aggregation and island formation in
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Fiz. 2. (a) Topography of lines deawn with an AFM tip at a steady height biased wath different negative bias shown by a 5 u tapping mode scan. {h) Height

vanation of wedges formed with bias.

monolayers films have been reported earlier for perflurode-
cyltrichlrosilane (FDTS) films."” In this case, islands were
more pronounced and more separated than our case. It was
noted that aggregate formation could reduce the wsefulness
of FOTS films in controlling stiction in MEMS. The phase
contrast variation between the rim and the inner regions of
the islands in Fig. 1{b) implies that the rim of each island is
bound or strongly attached, while the inner region is com-
posed softer, less adhesive structures, These sofler structures
may be composed of entangled loose molecules,

Figure 2(a) shows wedge shaped lines drawn by an AFM
tip biased at various negative hias. The tip was mowved
0.175 p!s at about 50 nm above the surface. The wedge
height variation with bias is shown in Fig. 2(b). The reorien-
tation of 1-decancl molecules coupled with silicon oxidation
due to the electrostatic field from the biased tip may have
caused the wedge formation. Under similar conditions, a
high eclectrostatic field can oxidize an exposed Si surface.™
Manoscale oxidation of Si surfaces by biased atomic force
microscope tips has been observed by a number of
authors.”'™* A detailed quantitative study for this process has
been reported for different biasing conditions and surround-
ing humidity.” The rate of oxidation and the oxide volume
generaled at various currents and biasing conditions were
also evaluated in that study. Comparing the oxide volume
generated in the referenced study under similar conditions to
ours shows thal the volume generated in our wedge-like lines
is far greater than that for the bare silicon. The excess vol-
ume 15 likely due to the presence of monolayer film, It is
likely to have been caused by the oxidation of attached
l-decanol chains or recrientation of 1-decanol molecules that
are still lefl unattached to the Si surface, aligned or con-
densed under the strong electrostatic force from the nega-
tively biased tip traveling at close proximity, The polar na-
ture of these unattached 1-decanol molecules may allow
these molecules to align with the electric field.

Similar protrusions of polymer thin films under biased
atomic force microscope tips have been observed by other

JYST B - Microelectronics and Nanometer Structures

authors.* In that study, the movement of the attached polar
functional groups in the direction of the eleciric field was
assisted by increased mobility due to elevated temperature,
In our study, wedges were formed only for bias of =5 1o
=9 %, which was the limit of the instrumentation. Below
=5V, no wedges were observed.

Figure 3{a) shows the reorientation of molecules under a
constant negative bias (—9 V) with varying tip proximity to
the surface. The wedge height increases linearly until the tip
is very close to the surface [Fig. 3(b)]. After a certain ap-
proach distance, the wedge height began to diminish. This 15
probably caused by the dissipation of electric field as the tip
begins to touch the surface.

Figure 4 shows the topography and phase image of a
bound phase (1-decanol) film after contact scanning with an
uncoated 51 AFM tip at 50 oN normal load under humid
{40%-45%) ambient conditions, The central 131 pm?® area
is covered with irregular protrusions that resulted from con-
tact scanning. The average height of these struclures is
40.1 nm and the roughness was 7.9 nm, The scanning creates
a large amount of wear debris that is seen as irregular islands
in the scanned region. The significance of phase contrast in
scanning probe microscope is still under debate within the
AFM communily. However, the most accepted interpretation
of phase shift origination is that it is due to the difference in
energy dissipation between phase contrasting areas.” ™ The
low contrast in the phase mode image suggesis that these
“third bodies" have similar energy absorption characteristics
to that of the surroundings showing their lack of freedom for
vibration or their binding to the surface,

To study the diffusion of these structures, the area was left
undisturbed and scanned again afier 20—25 min. No signifi-
cant changes were observed both in topography and phase
mode images in later scans suggesting the immobile and pas-
sive nature of these structures to surroundings and humidity,

In order to understand the mobility of these structures, the
AFM tip was used to separate the structures by dragging the
tip through the wear debris. Figure 5(a) shows the topogra-
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Fia. 3. (a) Topography of lines drawn with an AFM tip biased a1 8 V at different proximity shown by a 5 @ tapping mode scan. (b) Height variation of wedges

formed with tip heighis,

phy after a line was drawn through the wear debris with a
lighter normal load (100 nN) and the line was barely seen.
When the force was increased to the 150 nN range, the de-
bris moved and clearly showed the path of the AFM tip [Fig.
5(b}]. Further scans of this area did not show any change in
the wear debris distribution even though they were disturbed
tfrom their original locations by the AFM tip, which implies
that there are no additional unbound (or less tightly bound)
pieces produced from AFM tip movement.

To further understand the tribochemisiry of these strue-
tures, similar scans were made after filling the chamber with
dry nitrogen. The system was flushed overnight and a steady
value of zero humidity was obtained. Figure 6 shows the
comparison of topographies obtained from contact scans
with similar contact forees but different surrounding gases.
Figure 6(a) shows the topography formed in air with 50%
humidity and Fig. 6(b) shows the topography obtained in dry
nitrogen, The 1% 1 wm?® area contact scanned under humid-

air generates thick wear debris attached together to form
large crystal-like structures with sharp edges. From close ex-
amination of this debris, the repeated occurrence of a particu-
lar shape for these crystallites was probably caused by the
“tip effect™ (some tiny crystallite adhered to the tip so that its
scanning cross section is changed to the cross section of the
crystallite).

The approximate roughness and peak to wvalley height
variation is 6.0 and 37.2 nm, respectively. However, the arca
scanned in dry nitrogen shows substantially different topog-
raphy with little buildup of wear debris. The structures
formed here are more round shaped and much smaller in
size. The average roughness and peak to valley height varia-
tion is 0.21 and 1.9 nm, respectively. It is very clear that air
and humidity cause a large quantity of wear debris while dry
nitrogen helps to minimize wear debris. There are two sig-
nificant differences in these cases. When water is present in
the surrcundings, the normal load may be increased due to a

Topography

Phase

Fia, 4. Topography and phase image shown by 8 3 u tapping mode sean of [-decanol on silicon afler 131 pm® contact scan with 100 oM normal load.
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Topography (a)

Topography (b)

Fig, 5. {a) Topography shown by a 3 u tapping mode scan after a line was drawn with an AFM tip through wear debris with a lighter normal load {100 nN)
{b) The topography shown by a 3 g tapping mode scan when the normal load was increased to 150 oM,

waler meniscus and the increased rate of oxidation due to
wet oxidation of Si. It has been established that wet oxida-
tion of Si is much faster than dry oxidation.”" In addition,
the presence of water vapor makes the formation of oxide
much easier due to the increased contact load, which leads to
the exposure of more 5i atoms. From this, it is implied that
the wear debris formed might be third bodies resulting from
the oxidation of exposed Si and the combination of aggre-
gated monolayers combined with 5i0,, Si0; crystals.

B. Characteristics of surfaces coated with mobile and
bound phase

The topography of a film containing bound and mobile
phases is shown in Fig. 7. There is no notable change in the
topography of this from that of films with bound phase only.

Topography (a)

The average roughness and peak to valley height is 0.05 and
0.35 nm, respectively. Since the mobile phase can spread
over the surface, it is expected to shield the surface from
adverse tribochemical reactions even when the surroundings
contain reactive gases. In addition, the replenishing nature of
this film helps reform the coating quickly enough to regulate
direct contact of asperities with the exposed counterpart,
Figure 8(a) shows the topography of a surface coated with
bound and mobile phase after contact scanning in air with
50% humidity. The wear debris formed in this case is like
islands with no sharp corners signifying the surface encrgy
dependence of these structures. The fluid nature of these
structures is further revealed when dragging the tip across
one and cuts the structure. Figure 8(b) shows the topography
after the cut and the resultant shapes of the separated struc-

Topography (b)

Fig. 6. (a) Topography shown by a 3 u tapping mode scan when EH is increased 1o 50% and keeping all other variables the same as in Fig. 4. (b} The
topography shown by a 3 g tapping mode scan for | % | gm? area (dotted square), which was scanned in contoct mode in dry nitrogen

JYST B - Microelectronics and Nanometer Structures
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Topography

Fig. 7. Topegraphy of a film containing bound and mobile phase shown by
a3 utapping mode scan,

tures {the lower big island [see Fig. 8(a)] is cut by a line
drawn across it}. The round shape of the separaied portions
shows the tendency of these structures to minimize the sur-
face energy by reducing the surface area.

The mobility and free flowing nature of these secondary
structures 15 revealed when they are forcefully relocated and
allowed to combine with similar structures. Figures 9{a}-9(c)
reveal this phenomenon since the resultant secondary films
formed by contact scanning are moved by the atomic force
microscope tip using lithography-based techniques. In Fig.
9{a) a line drawn from top to bottom partially moves the top
island towards the boltom and the bottom one is made
thicker [see Fig. 9(b}]. The topography in Fig. 9{(c) results
when the boltom “thicker” island is moved to the top left
smaller island and allowed to combine with each other. In all
these movements in 30% relative humidity (RH), the dynam-

Topography (a)

Thie islamd is partinlly moved o lower

M —1 s
| & lieee alrawm im the | |I This o was moved o wop lelt

i‘ﬂiElinn S | !

[E1] (]

Fig. 9. (a} Topography from a 3 u tapping mode scan before a line is drawn
from top to bettom to move the top island o the bottom, (b)) Topography
after the line is drawn from fop to botlom, (¢) The topography resulting from
the bottom thicker island being moved to the top left smaller island and
combining together,

ics and steady circular shapes of the displaced structures that
were created as the third bodies show that they are “liquid-
like.”

It is also noted that the wear debris generated by the AFM
tip in the interface of bound+mobile phase coated surfaces is
significantly different in regards to mobility and replenishing
characteristics when compared to that of bound phase only
coated surfaces. This variation in mobility (i.c., liguid-like
behavior) of wear debris makes the bound+ mobile coated
interface more tribologically desirable for low load applica-
tions like MEMS devices. This special coating system was
applied to real MEMS devices and the wear life significantly
improved when compared to uncoated devices."”

Figure 10 shows the results from the wear life study of
MEMS devices with different contact interfaces. The first
two bars show the average life expectancy of machines run
in air with moderate humidity. The first bar 15 from machines
with no coating and the second bar shows the average lile
expectancy of machines coated with bound+mobile phase
films. It is evident that the coating provided a substantial
increase in the wear life. The third and fourth bars show the

Topography (b)

Fig. 8. (a) Topography shown by a 3 g tapping mode scan of thied bodies formed by contact scanning of a surface coated with bound and mobile phase in
air with 30% humidity, () The topography shown by a 3 u tapping mode scan of the resultant shapes of the separated third bodies when o ling is drawn across

il ¢uts the lower island.

J. Vac. Sci. Technol, B, Yol. 22, No. 5, Sep/Oct 2004
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Fia, 10, Average wear life of MEMS devices with and without coating in humid air and in vacuum.

life expectancy of machines when tested in vacuum. These
machines fail quite similar to uncoated machines run in hu-
mid air. However, the average wear life of coated machines
in vacuum is about two orders of magnitude longer than the
uncoated machines, which is around 0.9 min (not visible in
the figure).

The nature of wear debris produced in a dry nitrogen at-
mosphere is shown in Fig. 11. The area where contact oc-
curred is enclosed in the dotted-line square. Only small
structures of wear debris were formed and they acted differ-
ently from those formed in ambient humid condition. It is

Fiz. 11. Topography from a 3 u tapping mode scan of a barely visible wear
scar (dotted square) after the contact scan of bound+mobile flm in dry
nitrogen.

JYST B - Microelectronics and Manometer Structures

noted that there is practically no wear scar formed and the
debris formed in dry nitrogen is noncircular and thereby less
fluid-like (though it may be possible to impart some fluidity
to this structures because of the absence of sharp corners and
erystallite-like shapes). The lack of fluidity must have pre-
vented the replenishment of the coating of the worn out re-
gions causing the machines to fail earlier than humid condi-
tions. For bound phase only coated surfaces there was some
barely visible sharp wear debris generated in dry nitrogen
which is suspected to be the conglomerates of 1-decanol
mixed with loose silicon.

IV. CONCLUSION

Silicon surfaces coated with bound (1-decanol) and
bound+ mobile phases (pentacrythritol ester) were character-
ized using atomic force microscopy both in humid ambient
and dry nitrogen surroundings. Areas scanned in contact
mode were rescanned in non-contact mode to visualize the
tribological changes occurring due to contact scanning. Im-
mobile britile bound structures were formed for bound only
(1-decanol) lubricated surfaces, while flexible free flowing
wear debris was generated in the case of bound+mobile lu-
brication. Bound+ mobile lubricated surfaces resist adverse
tribochemical reactions, while bound only lubricated sur-
faces created brittle third bodies that opposed surface modi-
fication or surface migration due to diffusion.
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